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Through measurements of internal friction and speed of sound at low temperatures we have followed the
evolution of glasslike low-energy excitations in chemically disordered crystalling @adF Srk; containing
increasing concentrations of LaFAlthough small concentrations do exhibit relaxational processes at low
temperatures, low-energy excitations that can be well described with the tunneling model are observed only
when the Lak concentration exceeds approximately 20 mol %. This result is shown to agree with the earlier
results on Baj containing Lak. In the mixed hos{BaF,),5(SrF,)q5 on the other hand, even small LaF
concentrations lead to excitations that are well described with the tunneling model. These results confirm the
earlier findings by WatsofPhys. Rev. Lett75, 1965(1995] that random stresses are essential for the creation
of glasslike excitation in solid§S0163-182699)10425-9

. INTRODUCTION Zr0,:Y,0, stabilized in the cubic phasé;the nearly sto-
ichiometric boride YBs;, in which the Y ions randomly oc-

The lattice vibrations of perfect crystals, described ascupy one half of the lattice sites available to th&nthe
plane waves, can be altered by chemical imperfections. Theo-called dirty ferroelectrics, in which the chemical disorder
resulting impurity modes can affect the thermal, elastic, andeads to a broadening of the ferroelectric phase
dielectric properties of the solid. As an example, we mentionransition**!* and finally, certain feldspars, in which alkali
the quasirotational excitations of molecular ions in substitu-and alkali-earth ions are randomly distributed over interstitial
tional sites of alkali halide lattices, whose lowest motionalsjtes!® We refer to a recent review of elastic and thermal-
states are described as tunneling stdlesamorphous solids, conductivity measurements on several of these solids that
however, localized excitations dominate the vibrational speccan be well described with the tunneling model, and whose
tra at low energies, and these determine the low temperatutgnneling strengttC lies within the glassy rang¥.
macroscopic properties regardless of their chemical compo- The similarity of the low-energy excitations—called
sition or mode of preparatichThe excitations are described “glasslike” excitations’—in these chemically disordered
with the tunneling modet® in which atoms or groups of crystalline solids to those seen in amorphous solids can be
atoms are assumed to perform tunneling motions betweegaken as evidence that they are identical to the tunneling
energetically nearly equivalent positions. This model has tWastates in amorphous solids. One would then conclude that the
parameters, the spectral energy density of the tunneling syamorphous structure itself plays only a secondary role in
tems, P, which is nearly constant, and their coupling ener-their origin. Recently, this conclusion was strengthened by
gies to the latticey, ;. These parameters are connected by ghe observation that in hydrogenateeSi prepared by hot-
guantity C which is called the tunneling strength. The physi- wire chemical-vapor deposition, the tunneling strenGtis
cal nature of these tunneling states is still unknown, and ismaller than the glassy range by over a factor of 100 with a
the object of the present investigation. One of the difficultiesvalue as small as810 ".*® This demonstrated unambigu-
in determining the tunneling entity is that the properties ofously that the amorphous structure itself is not the cause for
amorphous solids are nearly independent of the chemicdhese low-energy excitations. Further persuasive evidence of
composition of the amorphous solildn fact, the most their identical nature in both the crystalline and the amor-
widely tested quantityC, was compared for over 20 amor- phous phases has recently been obtained in crystalline silicon
phous solids and found to lie in the range of Gnd 103, that had been disordered by ion implantation using both Si
often called the “glassy range” (Recently, values o£  and B" ions!® In both cases, using both internal friction and
have been determined for amorphous silicon and germaniuithermal conductivity measurements, low-energy excitations
and found to be somewhat below this range by a factor ofvere found to evolve with increasing dose. They could be
roughly 3%) described with the tunneling model, with a tunneling strength

The origin of these low-energy, localized excitations be-C saturating at 2.%10 ° for large doses, that is equal,
came more puzzling when it was discovered that very similawithin a factor of 2, to that of-Si produced by sputterinfy.
excitations were also observed through thermal and elasti€hree important conclusions could be drawn from these re-
measurements in a number of chemically disordered crystakults:(i) The evolution of these states was entirely unaffected
line solids. We mention a few examples: the mixed crystaby whether the silicon amorphized at high doses, as it does
(KBr)o 7§ KCN)g 5 in the orientational glass statehe su-  for Si* implantation, or whether it stayed a disordered crys-
perconducting alloys FigaNbp 37 and Th Vo 33that contain  talline, as it does for B implantation. This identical behav-
both the omega and beta crystallographic pH8se; ior showed that the defects causing the low-energy excita-
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tions in the disordered crystalwhich are yet to be fact, determined to be equal to those observed in structurally
identified, somehow persist in the amorphous phésgThe = amorphous BC; however, only one intermediate composi-
saturated level of the tunneling strength remained un- tion, B;3C,, was available, which is not enough to explore
changed over two orders of magnitude in dose. A hundredthe evolution of the low-energy excitations.

fold increase means a large increase in radiation daf?#ge, The most successful study of the evolution of glasslike
and yet the tunneling strength was found to be unaffectedattice vibrations was achieved in (BaE_,(LaFs), .2’ From
This observation demonstrated that the tunneling stre@gth measurements of the low temperat(red.1 K) specific heat

in the glassy range somehow represents an upper limit, arehd thermal conductivity, and of the internal friction above
whatever the limiting physical mechanism, it persists into theapproximately 1 K, it was concluded that low-energy excita-
amorphous phaséii) Implantation leads to the formation of tions with a constant spectral density occurred already at
defects, with divacancies and di-interstitials being the smallLaF; concentrations as small as=0.045. Their spectral
est ones that are stable at room temperatitldence, the density increased with increasimgsaturating ak=0.33 and
most plausible explanation is that the low-energy excitationat a value inside the range typical for amorphous solids. The
are connected with these defects or some aggregates thathservation of a uniform spectral density occurring in a crys-
have low-energy motional states. These defects cause ratal containing only little chemical disordex%0.045) sug-
dom stresses in the lattice, which may lead to a splitting ofyests that the mechanism leading to the uniform spectral den-
the vibrational ground states of the defects, and thus lead tsity already exists even in crystals with relatively low
the tunneling states. Experimental evidence for the impordisorder. This observation will be thoroughly tested in the
tance of random stresses is based on the recent observatipresent investigation by extending the internal friction mea-

of the formation of a uniform spectral densRyof tunneling ~ Surements over a wider range of composition and tempera-
states from the tunneling states of isolated Thns in  ture, and also by including measurements of the speed of
alkali-halide hosts that had been strained by mixing differenfound. It will be carried out on several alkali-earth
halide ionst fluorides containing Laf For (Cak);_,(LaFy), and

The implantation study provided the first convincing evi- (SrF)1-x(LaFs)y, it will be shown that a uniform spectral
dence that the low-energy excitations in the disordered crysdensity of the tunneling states does not occur for smdilt
talline and in the amorphous phase have the same physicanly in the most highly disordered crystals. Upon closer in-
nature, and thus strengthened the conclusion that the glasspection, and including previously unpublished measure-
like excitations discovered in many chemically disorderedments below 1.0 K, it will be shown that the same conclusion
crystals are identical to those observed in structurally disoris also valid for (Bak);_,(LaFs),*’ even with the limited
dered amorphous solids. This provided further incentive tgesolution of this earlier work. In the mixed host
study the evolution of the glasslike excitations in crystals (BaR)o s(SrR)o.sl1-x(LaFs)x, on the other hand, a uniform
containing increasing amounts of disorder. In the work to bespectral densityP of the tunneling states exists already for
described here, we will report on the evolution of these statesmall La concentrations. The consequences of these findings
in several alkali-earth fluorides with increasing chemical dis-for our understanding of the low-energy excitations in solids
order, and will explore in particular the saturation of thewill be discussed.
states, and the effect of random stresses. In a separate pub-
lication, work on the elastic properties of alkali halides con-
taining substitutional cyanide ions will be report&d. Il. EXPERIMENT

To date, only four systematic studies of disordered crys-
tals as a function of their chemical composition have been , )
undertaken, with limited success. In (KBr)y(KCN), ,° the The dls_ordered _crystals studied here belong to a large
most thoroughly studied example, difficulties arose even foflass of mixed fluorides of the fornMF); x(RFs)y, where
dilute compositions, i.ex<10"%, since the isolated CN M is Ca, Sr, Ba, an®is La, Y, Lu, or any rare earth that
ions themselves have tunneling states that severely influend@MS & g ion. These mixed crystals are known to maintain
the elastic and thermal properties of the cry&thd. the in- the fluorite crystal structure up to dopant concentrations as
termediate range, up to~0.10, the low-energy excitations
can still be viewed as the tunneling states of individualCN ~ TABLE I. Reference values for the crystals investigated. The
ions, modified however, by elastic interactions that were belattice constants and mass densities are taken fiRef. 49, the
lieved to mask the evolution of the glasslike excitatighg: ~ ionic radii from (Ref. 50. The values oN=4/a® are the number
Only for x=0.25 do these individual tunneling states appea/densities of alkaline eartke.g. C&") sites per unit cell, useful
to become unimportart At these high concentrations, how- c2lculating the number of substituted*.dons, and thus the num-
ever, the glasslike lattice vibrations are already fully devel-2¢" Of interstitial i ions per volume.
oped. This problem was avoided in (NagCl)(NaCN),, in a
which the tunneling states of the individual CNons have . ... (&
. . . ;i ystal  (A)
little influence on the thermal and elastic properties of the

A. Mixed fluoride crystal samples

N p lonic radius
(em™3)  (glen?) Crystal ion (R)

host, since their tunnel splittings are very small. In this caseCak,  5.463 2.4%10%? 3.18 c&* 0.99
however, problems involving solubility prevented a detailedsrF, 5.800 2.0%107? 4.24 S 1.12
investigation of the intermediate range of compositions, anaar, 6.200 1.6%10%2 4.89 B&* 1.34
thus the approach to glasslike lattice vibratiéhsa similar La3 1.06
problem arose in crystalline ;8,C,.” In the boron-rich F 1.33

B4C, glasslike lattice vibrations were observed, and were, in
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TABLE IlI. Collection of data obtained on the fluorides studied. Coluimpcomposition in the melt; colum€il), mole percent Lafas
determined in most cases by x-ray fluorescence; coldihy measured mass density; colurtii'), lattice constant, determined by x-ray
diffraction; column(V), transverse speed of sound measured in torsion at 1.0 k-@0kHz using Eq(10); column(VI), tunneling strength
C=Pv?/pv? for transverse sound waves as determined from the meadurkd, using Eq.(9), except for thCak), g(LaFs), 5 column
(VIN), crossover temperatuik,, determined from\v/v using Eq.(14); column(VIIl), coupling energyy, determined fronil ., using Eq.
(15); column(IX), spectral density? determined from\v/v4 using Eq.(12). The crystals for which both internal friction and speed of sound
are described well with the tunneling model are marked with a bullet in coliymi all other crystals, the tunneling model fits are usually
quite good forAv/vg, with the fit parameters and quantities so derived listed in colufvhs-(IX); these parameters, however, do not fit
the internal friction well, as shown in the figures. The valuessf@iO, agree closely with previously published ori@ef. 10 and are given
for comparison.

0 (I () (V) (V) V1) (VII) (VI (IX)

Composition in melt (%)2 p a U1k P2l pv? Teo " P
(glen) A) (km/9) (1079) (K) (eV) (10*(3 n))

Cak 3.18 5.469-0.001

(CaRyo.90d LaF3)0.001 0.1° 3.18 3.75 0.4 0.083 1.20 0.05

(CaR) 994 LaF3)0 005 0.5° 3.21 3.82 0.9 0.118 0.73 0.31

(CaR) odLaF3)0.02 1.9 3.28 3.62 3.7 0.132 0.54 2.1

(CaR)odLaFs)0.10 8.5 3.54 3.23 75 0.122 0.48 47

* (CaRy)ogdLaFs)g1s 13 3.73 5.5480.003 3.46 4.6 0.120 0.60 2.2

(CaR) sdLaFs)o s 20° 3.9¢' 3.69 6.5

* (CaRy)o7dLaFs)o.30 26 421 5.6340.005 3.11 5.7 0.105 0.59 2.6

(BaRy)g odLaF3)0.01 0.8 5.00 2.31

(BaRy)g o LaF3)o 18 12 5.10 2.33 12 0.080 0.48 5.6

« (Bak)g 7dLaFs)g s 33 5.38 6.105:0.005 2.37 279

* (BaRy)gsdLaFs)g4s 46 5.55 2.40 2%

(SrRy)o.edLaFs)o.01 1P 4.32 5.803%0.001 2.93

(SrFy)0.94LaF3)0.05 4.6 4.41 2.82 0.4 0.100 0.51 0.21

(SrFyedLaFs)0.15 17 467 2.91 1.4 0.090 0.67 0.48

* (SrRy)0.7¢LaFs)0.30 32 4.89 3.41 25 0.105 0.90 0.68

(BaR,)g 494 SrFy)g 404 LaFs)g 01 1 4.66 5.9930.001 2.57

« (BaF»)g 484 StH)0.484LaF2)0 03 4 4.67 2.33 2.4 0.110 0.28 3.0

* (BaF»)g 464 StH)0.464LaF2)0 07 7 4.72 2.52 4.6 0.110 0.35 45

a-Sio, 2.20 3.73 31 0.080 1.00 3.6

dComposition analyzed by x-ray fluorescence with the {@dncentration in mol %.

PComposition assumed to be that in the melt.

‘Data and composition information taken from Ref. 51.

dDetermined by interpolation.

€Data and composition information taken from Refs. 27 and 43.

Determined at 4 K.

9From thermal-conductivity measurements found in Ref.@%yas determined to be 2810 % in Ref. 16.

high asx~0.52 The substitution of L& ions for M2* Campbell of the University of Canterbury, New Zealand.
introduces fluorine interstitials (F) into the lattice to main- Each crystal was grown from the melt under vacuum in a
tain charge balance, and for less than 1% J.aRe excess _graph_lte _cru0|ble using thiz Stockbarger technique. The main
F,~ enters the lattice at the cubic interstitial site nearest thdMpurity in the Caf is SF*, about 50 ppm, and a trace of
dopant (L&") ions?° Higher dopant concentrations are be- Ba_2 ; the Lak is 99.9% pure where the impurities are
lieved to form more complicated clusters of La, F and anion"€ighboring lanthanides of more than one F%e.
sublattice vacancie€=%2 For (Cak),_,(LaF,), especially, Thg composition of the crysta}l_s u;ed in the study are
where the interstitial £ radius (1.33 A) is substantially listed in Table Il, first by composition in the melt, then by
larger than both the G4 (0.99 A) and L&* (1.06 A) ionic LaF; composition analyzed via x-ray fluorescence. Mass
radii, it is easy to imagine that the interstitial defects, as weld€nsity was determined with the Archimedes principle by
as the clusters of defects and vacancies, introduce stress inf¢§'ghing samples in air and in degassed water. The lattice
the lattice. Large random stresses are also expected in tfgonstant for selected samples was measured with x-ray dif-
mixed fluoride hosts, likéBaF2, «(SrF2, s Table | summa-  fraction.
rizes some pertinent data on the fluoride hosts and the dop-
ant.

Our samples were obtained both commercially from The internal friction was measured in torsion at 90 kHz,
Optovac® or grown specifically for our needs by Dr. John using a composite oscillator technique described in detail by

B. Torsional oscillator measurements
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Cahill and Van Clevé® The crystal samples were prepared transducer itself, since the finite thickness of the pedestal and
by carefully cutting them into bars with a diamond saw suchepoxy joints that participate in the motion act to slightly
that the torsion axis is parallel to the crystal growth axis.increase the effective transducer length. They found that
(This is not along a consistent crystallographic direction

from lé')fule to boule; the growth axis is generally 45° from ly=(1+a)lq, (4)

112),>" but inconsistencies in our measured torsional speeds, . L
f)f _;J,i)und indicate that this is not always the c}asﬁa‘le? Wlth a~0.06. Substituting the above expression into &).
cutting, the samples were sanded to rods sf3mn? cross gives

section, with lengths on the order of 2 cm, depending on 1+ a).0-141.0-1

their shear speed of sound. The sample and quartz transducer —1:( @)l qQu sQs (5)
were then formed into a composite torsion bar: The cylindri- © (I+a)lg+ls

cal transducer was first attached to a thin BeCu pedéstal _ o .
with a drop of approximately 25-mg Stycast 2850FT epoxy.The internal frictionQy, of th.e trangduce«fconsstlng of the
The sample was then epoxied to the other end of the tran§luartz crystal, pedestal, indium foil, and the epoxan be
ducer, after epoxying a 0.13-nm-thick indium f60.18 mm determined experimentally by r_ep!acmg the si';\{nplle with a
for the strained mixedBaR,), 5(SrF)os crystald between crystal of comparablés and vanishingly smalQ, -, like a
sample and transducer to cushion the difference in thermdlure Bak crystal. In that case, the measur€q,’ is the
contraction between them. The sample length was fiiied background internal friction of the technique, which we call
be one half of a shear wavelength so that the composit®;, ', and Eq.(5) can be rewritten as

oscillator has a resonance frequency at room temperature

within 1% of the measured quartz transducer resonance; this o, (1 a)qu{rl

adjustment ensures that the epoxy and indium joint between b :m- (6)

the quartz and sample has almost zero strain, and therefore

contributes minimally to the observed internal friction. The By combining this with Eq.(3), we obtain the following
oscillator was driven by a set of electrodes that form a quadexpression foan‘l, the internal friction of the sample:
rupole configuration around the transducer and that simulta-

neously drive and detect its motion. All measurements were o At a)lgtls| _, [(Ata)lgtlg

taken at an angular strain amplitidéetween % 10 ° and s =1 Qo |7 | @

2x 1078 to ensure that the oscillators were driven in a strain- * s

amplitude independent range. Only quantities that can be measured or calculated appear on

To calculate the internal friction of the sample from the the right-hand side of Eq7).
internal friction of the composite oscillator, note that it is  The subtraction of the second term, which is the back-
composed of the transducer and the sample. The internground, is actually not performed in the presentation of the
friction of the composite oscillator is obtained through a lin-data here. We simply show the first term of E@) for the
ear combination of the energy lost in the transducer and thdoped samples(or the second term for the undoped

energy lost in the sample, samples—called “background’ If Q_/'>Q, ?, the internal
friction shown in the figures is essentially that of the sample.

o-i- AWeo AWy AW, (1)  Inthe cases wher®_! andQ, ! become comparabl§_*
€ 27W, 27Wg 27Wg,' would have to be determined by performing the difference as

indicated in Eq(7); however, for simplicity of presentation,
we leave the graphical comparison between the first term and
She second term to the reader.

The temperature dependence of the relative sound veloc-
is defined as

whereAW is the energy lost per cycle of vibration, awd,,

is the total energy stored in the composite oscillator. Th
subscripts co, tr, and represent the composite oscillator,
transducer, and sample, respectively. The energy of each p%;
of the oscillator is proportional to its moment of inertia
around the torsion axis times the angular frequeney

squared, that is, Av_u(T)—vg

Uo Uo

: ®
— 2
Weo=Al o, wherev(T) andv, are the speed of sound at temperaflye
and reference temperatufg, respectively. Cahill and Van
Cleve derived the temperature dependence of the relative
sound velocity of the sample in a similar way to the deriva-
tion of the internal friction of the sample; therefore we only

whereA is some proportionality factor. Combining Eq4) ~ duote the result,
and(2) gives A
Y

-1 -1
Qc_olzlter; i:SQS - vl
s where the subscripts co ahdepresent the compound oscil-
Cahill and Van Cleve showed experimentally thgtwas lator with the sample, and with a pure crystak., back-
larger than the calculated moment of ineftjaof the quartz  ground, respectively. In this workA f/f,|, was found to be

AW, =AQ, Ml yw?,

AW,=AQ; lsw?, (2)

Af
fo

Af

(1+a) g+l
fol,

, (€)

|
s co
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on the order of 107, which was always negligible relative to We call le the “plateau” value of internal friction, which

the first term in Eq(9) and therefore can be ignored in the is directly proportional to the so-called tunneling strength

data presented in the figures. C, . (transverse or longitudinal subscript depending on the
The absolute transverse speed of souptbr the sample vibrational mode of measuremgn€ombining the definition

at or near 1 K(as given in Table lis calculated from the of internal frictionQ~* as defined in Eq(1) with Eq. (12), it

resonant frequency, of the free sample, which in turn is follows that

calculated from the measured resonant frequency of the com-

posite oscillator with the equations AW zﬁyﬁt

_1:
27Q woT Pvﬁt.

(13

2 fdl
> +1

, (10

| f
andfszfco[(lJra)l—q(l—l

S fCO

b= Thus,syit can be interpreted as a measure of the energy

lost in one cycle, anqbvit as a measure of the total energy
'stored in the oscillator.

The temperature variation of the speed of sound for di-
electric solid is given by the TM to be

wheref ., is the measured frequency of the composite oscil
lator, B equals 0.92 for a bar of square cross sectfdris the
sample length, and the frequency of the transdficés mea-
sured before the sample is mounted.

Measurements below 1.5 K were made in a dilution cry- T
ostat, and those from 1.5 K to room temperature in an insert- Cin— for T<Tg
able*He cryostat® We mention in passing that, in the inter- Av _ To (14)
nal friction measurements of the=0.019 and 0.085 samples Vo 1 T
—=Cln=— for T>T,

of (Cak),_4(LaRg), only, we observed very narrow peaks 2 To

between 30 and 70 K that changed location in temperature, ) .

depending on whether the data were taken with an increasingghereAv andv, are defined in Eq(8). Note that the refer-

or decreasing temperature sweep. Although we believe thegd1Ce temperaturg, is not to be confused with the tunneling
peaks to be most likely some experimental artifacts, we carcrossover temperatufg;,. For the sake of clarity, we have
not explain their presence or their apparent hysterésieey ~ dropped here and in the following thg subscripts orC and

are too sharp to be Debye peaks, and the frequency of the all values reported here from our torsional oscillator
oscillator through these peaks is smooth and continuous, ifnethod are transverse. Between the two temperature ex-
dicating that they are not caused by cracking of the sampleiremes i.e., neaf,, numerical integrations of TM predic-
They have been removed from the data presented here, bii@ns for bothQ™* andAv/v, are required, and the resulting

are shown in detail in Ref. 36. curves contain only two parametefg, andC. The values of
the coupling energyy, found in Table Il were calculatéd
IIl. TUNNELING MODEL using the crossover temperatuFg, given by
The low temperaturd<5 K) elastic data are analyzed S 2mphte 13 15
with the phenomenological tunneling mod@M).*>4° This ol YR (19
model assumes the existence of a constant spectral dénsity 8k U_|5 +2 ﬁ

of tunneling stategor two level systemgTLS)], which are
coupled to longitudinal and transverse elastic strains in thand the empirical relatiofis),~1.6%, and y?~2.5y2. The
solid with coupling energies ¢, respectively. _ spectral densityP values in Table Il were then calculated
At temperatures below about 5 K, and at the frequenciegom Eq. (12).

used in our experiments, the tunneling systems dissipate The tunneling model has been tested successfully for
elastic energy in dielectric solids via one-phonon relaxationmany amorphous solids, and often a single set of parameters
Within this regime, the relaxational processes giving rise 101 and C has been found to fit both internal friction and
mternal friction and change; in speed of sound have simplgpeed of sound measuremehtdthough some discrepancies
high and low temperature limits; the crossover between th@aye been noted%414?Here, we show only two examples
two types of behavior is indicated by the crossover temperapf discrepancies we need to consider in the evaluation of our
ture Te,, the temperature at which the maximum relaxationgata. Figure 1 contains speed of sound and internal friction
rate of the TLS equals the angular frequency of the applieg¢heasured in the present investigation on a rocaeBio,

strain oscillations. Internal friction is then given by (Suprasil W at a frequency of 90 kHz. The solid curve in
4 3 Fig. 1(a) is a best fit of the speed of sound data to the tun-
W_C l for T<T neling model from which the tunneling strengthand the
. 96 M| Tq, o crossover temperatufie,, are determined, and listed in Table
Qo= - (11) II. Note that above the maximum, the measutedlv, de-
EC“ for T>T,, creases more rapidly than predicted by the model; this is one
of the frequently observed discrepancies. The second dis-
where crepancy is shown in Fig. (), where the solid curve is
calculated fromC and T, as determined in Fig. (). It
P2 agrees quite well with the data, although a perfect fit would
Ci = ;t (12)  require a small change @ andT,. In order to achieve the

P best fits to both sets of elastic data, some averag€safd
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FIG. 2. Internal friction of pure CaFand of (Cak),_,(LaFs),
samples for six different concentrations, measured in torsion near
90 kHz. The data points labeled “0%” are measurements of the
background of the technique using a pure CaFystal as the
sample while the dashed line labeled “background” was measured
with a quartz crystal in its place. As described in the text and Eg.
(7), the internal friction of the samples is determined by taking the
difference between the data points and the background. Notice how
a broad, temperature-independent internal-friction plateau is ob-
served only for the two largest values xf

a noticeable increase of the internal friction is observed, al-

10" 10° 10’
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10°

FIG. 1. Vitreous silica(Suprasil W, OH concentration<5
ppm), measured in torsion at 90 kHz on a cylindrical rod 4 mm in
diameter.(a) Relative variation of the transverse speed of sound at
low temperatures, with, the velocity at the lowest temperature of
measurement, and) internal friction below 100 K. The solid curve
in (a) is a fit to the tunneling model near the temperature of the
velocity maximum and below, as described in the text. The tunnel-
ing strengthC=3.1x10"* and the crossover temperatuiie,
=80 mK determined from this fit are listed in Table Il. The same
parameters also fit the internal friction quite well, illustrating the
applicability of the tunneling model to this amorphous solid. An
almost perfect fit to the internal frictiofinot shown would be
achieved by usingC=3.6x10"4, and T,,=95mK. For a recent
discussion of the internal-friction peak at 35 K, which is associated
with thermally activated relaxation, see Raual. (Ref. 52.

T, have previously been used that fit both sets more equally
(e.g., Refs. 6 and }6Alternatively, C has been determined
from the internal friction in the plateau, ant,, from the
speed of sound near the maximdSince the speed-of-
sound data measured in this investigation generally resemble
the TM prediction qualitatively better than the internal-
friction data, as will be seen in the following, we will use the
method indicated in Fig. 1, i.e., we will determine bdth
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though not a temperature-independent plateaux-A0.005,
Q! peaks afT~2.0K. Asx increases to 0.019 and 0.085,
this peak broadens, although it still shows a pronounced drop
above approximately 10 K. As increases to 0.13 and 0.26,

12 | 26% /\A\ o
8 i -
4l -
0 -_ 0.5% 0 00 00 00000 0 0 o o 7

0.1%
| (CaF), ; (LaF),

-4 N -

10" 10°

Temperature (K)

and T, from the speed of sound at temperatures at and be- FIG. 3. Relative change in transverse speed of sound for
low the velocity maximum, and then test the agreement belCaR)1-x(LaFa)x for the samples shown in Fig. 2 with, the

tween predicted and measured internal friction.

velocity at the lowest temperature of measurement. The data have

IV. EXPERIMENTAL RESULTS

In (Cak);_y(LaFy),, Fig. 2 shows that even for smadl

been shifted vertically to increase the clarity of the presentation.
The solid curves are best fits to the tunneling model from near the
velocity maximum to low temperatures. The values of the tunneling
strengthC and the crossover temperaturgg, derived from these
fits are listed in Table II.
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FIG. 4. Same experimental data as in Fig. 2. Note that for the
curves forx=0.13 and 0.26, the scale on the right is to be used. For [
all the other curves, use the left scale. The solid curves are calcu- 10 |
lated using tunneling strengtisand crossover temperaturég, as :
determined in Fig. 3see also Table ]I Note that the quality of the [
fits improves with increasing La concentratign 10°® L L L ‘

102 107 10° 10’ 102 10°

this dip vanishes, and only a broad, temperature-independent

plateau, indicative of a uniform spectral density of states, is Termperature (K)

observed between 1 and 20 K. Figure 3 shows the tempera- FIG. 5. Thermal conductivity of (Caff, (LaFs), for x=0
ture dependent speed of sound for the same samples. Thget 53, x=0.001 (Ref. 43, x=0.20 (Refs. 43 and 51 x=0.40

solid curves are best fits to the data from the temperature Qe 43, and (BaR)y eALaFs)o.ss (Ref. 19. The thermal conduc-
the velocity maximum on down using the tunneling model,jiities of (BaF,), sALaFs)o 33 (Ref. 19 and ofa-SiO, (Refs. 54 and

as described in the previous section; the fits show the samg) are shown for comparison. The dashed line through sthe
shortcoming as observed in amorphous solids, in that the 0.20 data has a value of x40 3T2W cm 1K 3 (Ref. 16.

predicted curve above the velocity maximum exceeds the
measured velocities. However, when the values of the tun-
neling strengthC and the crossover temperaturg, derived
from these fits(listed in Table 1) are used to predict the T T T T
internal friction, a more remarkable disparity is noticed, see ~ 32%

Fig. 4. Only for the largest La concentrations 0.26, is the 2
fit considered good; not only in terms of temperature depen-
dence but also in magnitude. The quality of the fit deterio-
rates for smallex. Note that as the width of the internal-
friction plateau decreases, so does the agreement between _ 1+
predicted and measured magnitude of the internal friction. I
Thus, these measurements show that although even for the
smallestx low-temperature relaxation is observed, the tun- I
neling model, which is based on the assumption of a constant 0+t

P, becomes valid only for the most highly disordered crys-
tals.

Thermal conductivity measurements are summarized in i . ]
Fig. 5 on (Cak),_,(LaFs),. Forx=0.20, they show excel- -1 (SrF,), . (LaF,), ‘. 7
lent agreement with the temperature dependence observed in I ]
amorphous solids and in agreement with the tunneling e )
model. (The tunneling strengtiC derived from these mea- 10" 10°
surements is also listed in Table 3 of Ref. )1&or x Temperature (K)
=0.40, the thermal conductivity above approximately 20 K

agrees closely withx=0.20, indicating a saturation of the  FiG. 6. Relative change of the transverse speed of sound for
scattering of thermal phonons. These measurements were NGk, _,(LaF,), for different compositions. The solid curves are
extended to lower temperatures, since the sample containe@st fits of the tunneling model near and below the temperature of
cloudy precipitates expected to lead to additional phononhe velocity maximum. Tunneling strengti®sand crossover tem-
scattering in that temperature range. peraturesT, are listed in Table II.
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FIG. 7. Internal friction of the same samples shown in Fig. 6. 10 10

The solid curves are TM fits using the paramet€rand T, as
determined in Fig. 6. Note that a good fit to the data is obtained
only for x=0.32. The background was measured with a quartz crys- FIG. 8. Relative change of the transverse speed of sound in
tal at the lowest temperatures, then with a pure Balystal above  [(BaF,), «(SrF)o5]; - x(LaFs), for x=0.01, 0.04, and 0.07, with,
1.5 K. The internal friction of the samples is determined by takingthe velocity at the lowest temperatures. The solid curves are best fits
the difference between the data points and the background as def the TM near and below the temperature of the velocity maxi-
scribed in the text and Eq7). mum, with the tunneling streng® and crossover temperaturgg,

listed in Table II.

In (SrR);_,(LaFs)y, the disparity between the measure-
ments and the prediction of the tunneling model for small
is even more pronounced. Again, the temperature variatio

of the speed of sound, shown in Fig. 6, seems close to that The measurements on the Gagnd St hosts have

observed in amorphous soligsee Fig. 1)]. However, for shown that low-energy excitations well described by the tun-

x=0.01, the internal frictioriFig. 7) peaks around 0.2 K and neling model—which requires a constant spectral densit
although a plateau is present for=0.17 and arguably also — 9 q P y

for x=0.05, their magnitudes disagree with the predictionP—0ccur only at large Laf concentrations. While this
based on the measured speed of sound. Furthermore, t§gems to contradict the conclusions drawn earlier for the

rapid decrease expected for an amorphous solid at the lowest

Temperature (K)

fects is only the difference between the measured data and
bhe background. The latter, however, is not known with cer-
inty in this case.

temperatures is missing in both curves. ke¢0.32, how- 10° o T T ]
ever, the internal friction is very similar to that of amorphous : ((BaF,) .(StF.) .). :(LaF.) ki
solids, and agrees even quantitatively with the tunneling I 2057 2705 T o N
model prediction using the parameters derived from the ” g
speed of sound measurements. Again, the valueS ahd 10 3 P .'ff

T are listed in Table II. - : R
For the mixed host(BaR,),s(SrR)y5 the addition of o | 7% IR A
small Lak concentrations also leads to the temperature-

5 2a |
dependent speed of sound characteristic for amorphous sol- 10 i /%AMAM;A‘;AA/ ]
ids, at least for concentrations exceeding 1%ee Fig. 8. i ‘ \/ T
The remarkable difference to the Ga&nd Srk hosts, how- - Ag/“/ T T background
ever, is that the internal friction even for the small concen- 108 bl il
tration x=0.04 already shows the temperature dependence 10 10 10 10
characteristic for glasséBig. 9). Furthermore, its magnitude Temperature (K)

agrees perfectly with the prediction based on the valugs of -
and T, determined from the speed of sound in accordance FIG. 9. Internal friction of (BaR)os(StFosls - (LaFs), for the

. . . . S Same samples shown in Fig. 8. The internal friction of the samples
with the tur!nellng modeﬂhstgd |.n Table 1), which is shown is determined by taking the difference between the data points and
by the solid curves in this figure. Also, the data fer

. ) . the background as described in the text and(#g.Solid curves are
=0.04 andx=0.07 appear to scale with concentration. This,cacyjated with the tunneling model using the parameters deter-
however, is not the case far=0.01. The dotted curve in Fig. mined from the speed-of-sound measuremefig. 8, see also

9 shows the internal friction calculated on the basis of theraple 1)). Note the excellent agreement for the two higher §.aF
higher concentrations, assuming that the internal frictiorconcentrations. The short-dashed curve labeled “4%/4” is the

would scale. It is clearly much higher than the measuredalue of the 4% data divided by 4, which lies clearly above the
internal friction forx=0.01.(Note that the effect of the de- measured data for 1% LgF
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only at even larger values of (x=0.33 and 0.45 We also
refer to the measurements of the thermal conductivity shown
in Fig. 2 (b) of Ref. 27: Forx=0.045, its temperature depen-
dence does not seem to follow a power law indicative of a
uniform spectral density of tunneling states, in contrast to the
power law found for the larger LaFconcentrations, or for
amorphous solids. The slight, yet distinct curvature observed
instead forx=0.045 may be another indication for the non-
uniform spectral density. While neither of these observations
by themselves can be considered as conclusive, together with
the results obtained here for the Gaéhd Srk hosts they
provide sufficiently strong evidence to support our conclu-
sion that a behavior consistent with the tunneling model is
observed also in the Bafost only in the limit of large Laf
concentrations. In the mixed ho#BaF)q 5(SrF)g5 how-

ever, a uniformP is observed for small Lajconcentrations.
Its magnitude increases with increasi@lthough the effect
for x=0.01 appears to be small.

The internal-friction data in the BaFhost for x=0.008
below 2.0 K were obtained in the present investigation on a
different sample than the one measured by Cahill and Fohl.
They agree perfectly with the earlier data in the temperature
range of overlap and illustrate the reproducibility of the mea-
surements. Note also the almost negligible effect this La con-
centration has on the internal friction of the Bak contrast
to Cak, where even 0.1% has a noticeable effect.

The characteristic and most mysterious feature of struc-
turally amorphous solids is not so much the uniform spectral

density of the tunneling stateB=const, but that the tunnel-

ing strengthC lies in a narrow region, as mentioned in the
Introduction. In the three fluoride hosts BaFCaF, and
SrF, the tunneling strengti€ in the limit of large Lak
concentrations appears to saturate in, or at least close to the
glassy range, at 2104, 5.7x10 °, and 2.5<10°°, re-

spectively, see Table Il, while for the mixed host
FIG. 10. (Bak),_«(LaFs),. (a) Relative variation of the trans- (BaF,)y5(SrF)g5 Saturation has not been reached yet at a
verse speed of sound, with, the velocity at the lowest tempera- value of C=4.6x10"° for 7% LaF.
tures(Table Il). The solid curve is the best fit to the data near and
below the velocity maximum. The resulting paramet€rand T,
are listed in Table Il. For the smaller concentration, no maximum
can be discernedb) The data for the temperature regiorl.0 K
are from Ref. 27 and for the temperature regioh.0 K are from
Ref. 43. The solid curve is calculated using the paramefeanid  tion of low-energy excitations in ion-implanted crystal sili-
T determined from the sound velocitisted in Table |). The data  con reported by Litet all® There, it had been concluded that
for the 0.8% sample below 2.0 K were obtained in this investigatiornthe primary origin of the low-energy excitations was a dis-
on another sample and agreed perfectly with the previously reportegyqer occurring in the crystalline phase that also persisted in
results in the temp_eratu.re range of overlap. The dashed line is thl‘he amorphous phase. It is well known that ion implantation
background as defined in E(F) and shown in Fig. 7. leads to vacancies and interstitials, and aggregate centers. It
had been suggested that these centers have low-energy exci-
tations connected with some slight structural rearrangement,
BaF, host, a closer look at the latter data shows that for thisand their spectral distribution will be broadened by the ran-
host as well, good tunneling model behavior is evidencedlom stresses caused by all the defect centers in the crystal.
only for the large Lak concentrations. In Fig. 18), we  As their number density increases with implantation dose,
show previously unpublished data by Cahill of the temperathe stresses will increase, until locally the yield stress has
ture dependence of the speed of soundfe0.12%3 As with  been reached, and the lattice rearranges. This leads to a satu-
the fluoride hosts studied here, these results closely resembiation of the defects with the low-energy excitations, and this
those observed in amorphous soljfigg. 1(a)]. However, the  saturated density persists as the dose increases by two more
internal friction predicted by the tunneling model on the ba-orders of magnitude, and exists even in the amorphous
sis of these measurements agrees only relatively poorly witphase. This picture emphasizes the local yield stress, and we
the measurements shown in Fig(R)0 Also note that a truly  therefore want to note an empirical, qualitative connection
temperature-independent internal friction appears to occubetween this quantity and the low-energy excitations. For the

V. DISCUSSION

Before discussing these data, let us remember the evolu-
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majority of the amorphous solids, the tunneling stren@th dence for the crucial role played by random stresses in this

falls into the glassy range. case; they are large enough to spread out the tunneling states,
» . at least once a particular threshold has been exceexled (
107 °<C<10~. (16)  =0.01). Conceivably, this threshold is related to the fact that

in both the Srk and the Bak hosts, the defects in this con-
centration range also show very little relaxational damping
because they are structurally simgéeg., interstitial F ions

Using an average value @ =3x10 % Eq. (12) can be
rewritten as

Py2 and substitutional Laions), and therefore immobile. Hence,

Y . .

— > ~3X10"4. (17 random stresses have no effect either. At higher concentra-
pv tions, more complex centers form, which are susceptible to

For transverse sound in crystals with cubic symmetry an(fandom stresses. In the mixed host, the random stresses are

amorphous solidsjv? is the shear modulus. For the amor- not large enough to exceed the yield stress. In that case,

phous solids as compiled by Medwick, White, and Po@l saturation of the tunneling strength would require a larger
varies by a factor of 7Qbetween the polymer polyethylter- LaF; concentration in this mixed host. Larger random

aphthalate and amorphous botorence, the near universal- Stresses leading to saturation without large 4.eéncentra-
itv of C f t al a2 | tional t tions can perhaps be expected in mixed Ca-Ba fluoride host
ity 0 or most glasses means triay” is proportional to crystals, because of the larger mismatch in the ionic radii, see

the shear modulus. Yield stress and shear modulus are rgzp | Unfortunately, such mixed crystals were not avail-
lated for nearly perfect crystals although in the dlsorderedable for the present investigation
crystals, a similar relationship does not exfstt does, how- '
ever, not seem unreasonable to assume that the local yield
stress that governs the motion on the atomic scale, may in-
crease with increasing shear modulus even in chemically or
structurally disordered solids. With this assumption, the uni- Doping of Cak, SrF, and Bak with LaF; at concentra-
versality expressed in EGL7) can be interpreted as indicat- tions of mol % or less leads to very different effects on the
ing a relation betweerﬁyﬁt and the local yield stress. The elastic properties of the different hosts. At concentrations
absence of tunneling states in the hydrogenate®i can be  above 20%, however, glasslike lattice vibrations evolve with
interpreted with the picture that the hydrogen somehowa constant spectral density, and their tunneling strength satu-
eliminates the random stresses that are generally inherent fates at or near the glassy range. In the mixed Ba-Sr fluoride
the amorphous structure and that are needed for the creati®¥®st, a constant spectral density is observed already at 4
of the TLS. mol %, which demonstrates the importance of random
In the present data, the low-temperature elastic measuréiresses for the evolution of these vibrations. This behavior
ments of the purdi.e., not the mixey fluoride hosts with ~ closely resembles earlier observations of CTibped alkali
small La dopings show a striking dissimilarity between thehalides: At low concentrations, their low-energy motional
different hosts. In Caf 0.1% Lak has a noticeable effect States depend on the hgstg., KBr vs NaCl Ref. 2bbut at
on the internal friction, Fig. 4, although its temperature de-high concentrations glasslike lattice vibrations evolve in ei-
pendence clearly does not resemble that predicted by tH&er host® and random stresses in KCI:KBr mixed hosts
tunneling model. In the Sgrhost, the effect is qualitatively Speed up this evolutichThese observations, in conjunction
similar, a|though Considerab|y weaker. In aa[:he effect of with those on the ion-implanted silicon, demonstrate that the
0.8% Lak is even smaller. Yet despite these differences, @hysical nature of the defects is relatively unimportant as far

constantP develops for large LaFconcentrations, sax as the evolution of the glasslike excitations is concerned, in

—0.20 or larger, for all three hosts; and simultaneously thdParticular in terms of their saturation. These studies also em-
tunneling strenéths saturate at va,lues in, or close to, thBhaS‘Ize the important role played by random stresses in dis-

glassy range. Following the interpretation offered for theOrdered solids.

saturation in the ion-implanted Si, we postulate that the ran-

dom stresses at these concentrations have reached a sufficient
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